The virions of adenoviruses assemble and accumulate in huge numbers in nuclei of infected cells;1-4 and the viral capsid proteins, identified by immunofluorescent and ferritin-labeled antibody techniques, also can be detected only in the nuclei.5-7 These unequivocal findings led to the question whether the adenovirus proteins were actually synthesized in the nucleus by a unique mechanism since the host proteins, including the nuclear histones,8 seem to be produced in the cytoplasm. It has been reported, however, that some mammalian cells contain nuclear ribosomes9 and that DNA-dependent protein synthesis can take place in their nuclei.9' 10 The investigation to be described was initiated to determine whether a novel system for synthesizing proteins is established in the nuclei of adenovirus-infected cells or whether, utilizing the established cytoplasmic host mechanism, the viral proteins are made and then rapidly transported into the nucleus where they accumulate.
The virions of adenoviruses assemble and accumulate in huge numbers in nuclei of infected cells;1-4 and the viral capsid proteins, identified by immunofluorescent and ferritin-labeled antibody techniques, also can be detected only in the nuclei.5-7 These unequivocal findings led to the question whether the adenovirus proteins were actually synthesized in the nucleus by a unique mechanism since the host proteins, including the nuclear histones,8 seem to be produced in the cytoplasm. It has been reported, however, that some mammalian cells contain nuclear ribosomes9 and that DNA-dependent protein synthesis can take place in their nuclei.9' 10 The investigation to be described was initiated to determine whether a novel system for synthesizing proteins is established in the nuclei of adenovirus-infected cells or whether, utilizing the established cytoplasmic host mechanism, the viral proteins are made and then rapidly transported into the nucleus where they accumulate.
Thomas and Green11 provided indirect evidence that cytoplasmic synthesis of viral proteins occurs in KB cells infected with type 2 adenovirus. They detected virus-specific RNA on the polyribosomes of infected cells and showed that amino acids were incorporated into acid-precipitable material on the cytoplasmic polyribosomes. However, the nature of the polypeptides thus made was not studied.
Experiments to be reported in this communication indicate that the proteins on cytoplasmic polyribosomes can be identified as viral structural proteins by immunological techniques, and that the newly synthesized viral structural proteins are transported rapidly from the cytoplasmic polyribosomes into the nucleus.
Materials and Methods.-The methods for cell growth, viral propagation and purification, viral plaque assay, and extraction of DNA were described previously. [12] [13] [14] [15] Radioactive labeling of macromolecules: To deplete the amino acid pool before addition of isotope, the cells were resuspended in valine-free or amino-acid-free media supplemented with normal concentrations of tryptophan and glutamine and incubated for 1 hr at 36CC. C1l valine or C14-labeled amino acid mixture was then added and the short pulses were terminated by pouring the cell suspension onto an equal volume of partly frozen medium.
Cell fractionation: Cytoplasmic extracts were prepared from 2-10 X 107 cells suspended in 2 ml of hypotonic buffer (RSB) 16 for 5 min and disrupted with five strokes in a tight-fitting Dounce homogenizer (85-90% of the cells were broken). In control experiments with infected or uninfected cells only 1-3% of H3-labeled DNA was released into the cytoplasmic extract by the homogenization procedure. Nuclei devoid of cytoplasmic contamination were prepared with sodium deoxycholate (DOC) and Tween 40 according to Penman's procedure. 17 The detergent released on additional 1-3% of H'-labeled DNA from the nuclei; a similar percentage of nuclei were disrupted.
Isolation of polyribosomes: The method of Latham and Darnell'8 was employed with minor modifications. Approximate sedimentation coefficients were calculated, 19 assuming a value of 74S for the single ribosome peak.
DNA-RNA hybridization: Previously described methods were used.'2' [20] [21] [22] [23] Autoradiography: Monolayer cultures of KB cells cultured in plastic Petri plates (60-mm diameter) were infected with 200 or 4000 plaque-forming units (PFU)/cell of trypsintreated virus,24' 25 and virus was allowed to adsorb for 30 min. The radioactive pulse, consisting of 1.5 mc H'-valine, in 1 ml of valine-free medium, was added to valinedepleted cells; after 60 sec the medium containing isotope was removed and the pulse was stopped by either acid-alcohol (3 vol ethanol:1 vol glacial acetic acid) or a chase in medium containing excess unlabeled valine (4.86 mg/ml). The chase was stopped by washing the cells with acid-alcohol. All plates were washed a second time with acidalcohol, followed by two additions of cold 5% trichloroacetic acid (TCA) for 20 Results.-The initial experiments demonstrated that cytoplasmic extracts of infected cells contained polyribosomes to which was attached a unique species of RNA that hybridized only with denatured type 5 adenovirus DNA (hereafter referred to as viral mRNA). These data confirmed the studies of Thomas and Green."I However, the possibility that viral mRNA, either free or on polyribosomes, could have leaked from the unbroken nuclei became evident when it was observed that the nuclei of infected cells were permeable to large macromolecules and aggregates. During the course of these preliminary experiments, large amounts of mature viral antigens were found in the cytoplasmic extracts, and further analyses showed that about 80 per cent of the infectious virus was likewise present in the cytoplasmic fractions. When detergent was used to isolate nuclei,'7 even more virus was found in the supernatant fluid and only about 1 per cent of the infectious virus was present in nuclei. These results contradicted the cytologic data' -which clearly demonstrated that viral capsid proteins and ma-ture virions accumulate only in nuclei. Hence, although the nuclei were unbroken, mature virions leaked almost quantitatively from the affected nuclei, as a result of either the fractionation procedure or the infection process. It therefore seems possible that nuclear polyribosome-like structures, on which the viral proteins had been synthesized, could have escaped artificially from the nuclei.
Autoradiographic techniques to study protein synthesis in uninfected and adenovirus-infected cells: Autoradiography was utilized to determine unambiguously whether adenovirus proteins are synthesized in the nucleus or the cytoplasm of the infected cell. Protein synthesis was studied 24-26 hours after infection when viral proteins were the majority species being made27' 28 (Table 1) . Infected t Determined by direct immunological precipitation.'2 t Infected cells in a monolayer culture were labeled with H3-valine (final radioactivity 1 pc/ml) for 1 hr during the period of the 1-hr chase in cells used in autoradiography. § Infected cells in a monolayer culture were labeled with 1.5 me of H'-valine for 1 min followed by a 1-hr chase just as in the autoradiographic determinations.
cells from a representative experiment are illustrated in Figure 1 . The distribution of grains was similar in uninfected and infected cells after a one-minute pulse, but the arrangement of grains became distinctly different when the oneminute pulse was followed by a one-hour chase in the absence of labeled valine ( Table 1 ). The autoradiographic data from four experiments, summarized in Table 1 , demonstrate that the viral proteins, like the majority of host proteins, were synthesized in the cytoplasm. These results also indicate that the newly made proteins were rapidly transported to the nuclei so that 40-45 per cent of the grains were detectable in the nuclei within five minutes. These figures are probably minimal estimates of the per cent of the newly synthesized viral proteins that were transported into the nuclei since cessation of synthesis of host proteins in infected cells in monolayer cultures is incomplete (61-78%), and the infection is relatively asynchronous.
Synthesis of virus-specific proteins on polyribosomes: Once the autoradiographic experiments established that most, if not all, viral proteins were synthesized in the cytoplasm of infected cells, it was possible to examine the kinetics of synthesis of nascent viral polypeptide chains on polyribosomes, the release of the newly made proteins from the polyribosomes, and the size and immunological reactivity of the polypeptide chains.
Of the C14-labeled amino acids that were incorporated into proteins during a one-minute pulse 20 hours after infection, 77 per cent was on polyribosomes; the maximum incorporation was on polyribosomes of 180-200S (Fig. 2) . In contrast, 54 per cent of the radioactivity in the cytoplasmic extract from uninfected cells sedimented in the polyribosome region that had a peak of 280S. To determine whether the isotope was incorporated into viral proteins, each fraction of the cytoplasmic extract of infected cells was analyzed by immunological coprecipitation. Approximately 31 per cent of the total newly synthesized protein was precipitable by antibody and 83 per cent of that immunologically reactive material was found in the polyribosome region ( Fig. 2; Table 2 ). With a ten-minute Immunologically precipitable cpm X 100 ( Fig. 2; infected cells) .
Total cpm in gradient
Immunologically precipitable cpm X 100 (Fig. 3) .
Total cpm in gradient pulse the polyribosome peak of radioactivity was relatively small and most of the isotope incorporated into immunologically reactive proteins was at the top of the gradient ( Fig.  3 ; Table 2 ). Only 21 per cent of the total isotope incorporated was found in the polyribosome region.
Of the total counts in virus-specific proteins only 26 per cent of the radioactivity was in the polyribosome region; a considerable proportion of these disintegrations was probably due to the large leading edge of the radioactive peak at the top of the gradient. Preliminary experiments further show that when a one-minute pulse was followed by a one-or sixminute chase, the nascent viral proteins were rapidly made on polyribosomes and that the newly synthesized proteins were released from polyribosomes after a relatively short time. The results described above suggest that the viral proteins were synthesized on polyribosomes in the cytoplasm. However, it appeared possible that polypeptide chains could have been synthesized in nuclei, leached from the infected nuclei during artificial disruption of the cells, and then become associated with polyribosomes. To test this possibility, the radioactive material from the peak at the top of the gradient in Figure 3 (i.e., proteins released from polyribosomes) was artificially mixed with an unlabeled, cytoplasmic extract from infected cells and the mixture was analyzed in a sucrose gradient. The results showed that previously made proteins could not associate with polyribosomes to a significant degree.
Discussion.-Although adenovirus capsid proteins are detectable only in the nuclei of infected cells, with the use of immunofluorescent and ferritin-labeled antibody techniques,5'7 the proteins are synthesized in the cytoplasm. The cytoplasmic site of synthesis of viral proteins on polyribosomes was demonstrated by three independent methods: (1) identification on polyribosomes of a species of RNA, presumably mRNA, that only hybridized with viral DNA; Autoradiography provided unequivocal proof that most, if not all, of the viral proteins are synthesized in the cytoplasm: during a one-minute pulse, approxi-mately 80-95 per cent of the grains from H3-valine incorporated into proteins were observed in the cytoplasm of the infected cells at a time after infection when 60-75 per cent of the protein synthesized was virus-specific. Of the small proportion of grains which appeared to be in the nucleus, many could have been transported into the nuclei during the pulse since the polypeptide chains are synthesized rapidly and move quickly into the nuclei (70-75% of the maximum number of grains transported from the cytoplasm into the nuclei were transferred during a 5-min chase after a 1-min pulse), and many of the grains noted could have been in cytoplasm situated above or below the nucleus. Thus, these experiments imply that most of the capsid proteins are made utilizing the usual cytoplasmic polyribosomal mechanism, but they do not rule out the possibility of a limited nuclear synthesis of viral proteins.
The autoradiographic data ( Summary.-That synthesis of viral capsid proteins is accomplished in the cytoplasm of cells infected with type 5 adenovirus was demonstrated with three independent methods: (1) autoradiography; (2) immunological coprecipitation of proteins on polyribosomes obtained by centrifugation of cytoplasmic extracts in linear sucrose gradients; and (3) hybridization between denatured viral DNA and RNA isolated from polyribosomes. Synthesis of the nascent viral polypeptide chains was accomplished rapidly on 200S polyribosomes, after which they were quickly released and transported into the nuclei.
